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ABSTRACT
A series of novel thermotropic poly(ester-imide-ether)s
were synthesized by melt polymerization techniques. The imide
dimethyl ester: N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide, prepared in a series of reactions, was reacted with
varying ratios of poly(tetramethylene ether) glycol and 1,6
hexane diol to give the copolymers in 56% to 96% yield. The
polymers were characterized by differential scanning
calorimetry, dilute solution viscosity, gel permeation
chromatography, infrared spectroscopy, thermogravimetric
analysis, and polarized optical microscopy. Inherent viscosity
values range from 0.40 dl/g to 1.14 dl/g. Gel permeation
chromatographic analysis of the initial polymer series showed
number average molecular weights ranging from 32,000 g/mol to
100,000 g/mol. Glass transition temperatures range from -46 C
to 44 C. The polymer series exhibit moderate thermal stability
with thermal decomposition temperatures exceeding 360 C.
Copolymers PEI-1-ET-9 (650) and PEI-3-ET-7 (650) showed no
mesophase formation. Copolymers PEI-5-ET-5 (650), PEI-7-ET-3
(650), PEI-9-ET-1 (650), PEI-7-ET-3 (2000), PEI-9-ET-1 (2000),




The existence of an intermediate phase between solid and
isotropic liquid states has been termed liquid crystallinity.
Liquid crystals exhibit physical properties associated with both
crystals and liquids. Structural characteristics stem from
fluidial anisotropic ordering of mesogenic units. Liquid
crystalline phases are commonly classified as either lyotropic or
thermotropic. Lyotropic liquid crystals form a liquid crystalline
phase when the compound interacts with solvent. Thermotropic
liquid crystals form a mesophase upon the application of heat.
Thermotropic mesomorphism is sub classified as either
enantiotropic or monotropic. Enantiotropic mesophase formation
is detected on both heating and cooling. In contrast, monotropic
liquid crystals form during supercooling from an isotropic melt.
In today's technologically structured society, mesomorphic
materials have been extended to a wide range of applications.
The vitality of liquid crystals stem from properties specific to
both fluids and static substances. Structurally, the focus of
mesomorphism pertains to the repeated orientation of the
compound. Liquid crystals may undergo conformational
rearrangement in the presence of applied electrical and magnetic
fields. This important aspect has prompted the application of
liquid crystals for optical displays. The focus of this application
relates to the origin of a local director. The director is derived
from the orientation of rigid backbone groups in the compound.
Parallel alignment of the mesogens to a local director
constitutes the basis of morphological and conformational
orientation. Principle advantages of applying liquid crystals to
optical films, compounds, and devices, ascertains to the unique
physical properties exhibited by these materials.
11 HISTORY
Liquid crystalline transitions were initially observed by
Austrian botanist, Friedrich Reintzer in 1888. He discovered that
cholesteryl esters formed opaque liquids during melting, and upon
further heating formed isotropic liquids^. Lehmann hypothesized
that these unique observations formed the basis of a novel phase
existing between the isotropic liquid and solid states. These
results were labeled liquid crystals^.
1 . 2 POLYMER LIQUID CRYSTALS
The initial advent of polymeric liquid crystals included the
discovery of the tobacco mosaic virus in 1 937. Supporting
evidence of mesomorphic transitions included a conformational
investigation of poly(methyl glutamate) and poly(benzyl
glutamate)3. In 1 956, the existence of rigid rod like polymeric
liquid crystals was proposed by Flory4. Recent exploration of
polymeric liquid crystals focuses on lyotropic and thermotropic
systems.
1.3 MESOGENIC ORGANIZATION
The classification of lyotropic and thermotropic polymeric
liquid crystalline transitions include nematic, and smectic
phases. Thermotropic liquid crystals may be subdivided into
monotropic and enantiotropic classes. The liquid crystalline
phase is detected in monotropic materials during supercooling
from an isotropic melt whereas enantiotropic materials exhibit a
thermodynamically stable mesophase phase during both heating
and cooling cycles. The characteristic identity of the mesophase
is derived from the director (n) and the order parameter (S) of the
polymer mesogenic alignment. Calculation of the orientational
order of a system requires determination of the angle ()
between each mesogenic molecule and the director. The order
parameter may be calculated by averaging the function
((3 cos2e)-1 )/2. The maximum magnitude of the order parameter
for an ideal liquid crystalline system is one. In contrast, the
order parameter for an ideal isotropic system is zero.
The nematic liquid crystalline transition is identified as
exhibiting one dimensional ordering of the mesogens long axis,
and a complete random distribution of the centers of gravity
throughout the phase. Nematic orientation may show
birefringence. Nematic textures cooled from an isotropic melt
may be identified as Schlieren, threaded, or marbled.
Schlieren textures exhibit large dark
"brush"
patterns,
correlated to mesogen extinction zones indicative of
perpendicular alignment (Figure 1).
Figure 1
Schlieren Texture^.
Threaded textures exhibit axial mesogenic ordering (Figure 2),





orientation stemming from adjoining mesogen domains (Figure 3).
Figure 3
Marbled Texture^.
A variant sub classification includes a chiral nematic or
cholesteric state identified when the mesogens include a chiral
center and display nematic behavior. The presence of a chiral
center results in mesogenic twist, regular alteration of the
director from layer to layer, and a characteristic three













Schematic Representation of 3-DimensionaI Cholesteric Ordering**.
Smectic liquid crystalline transitions maintain two
dimensional orientational and positional mesogenic ordering.
The eleven subdivisions of smectic liquid crystals refer to the
ordered packing of layers with respect to the layer surface. The
less ordered Smectic A (Sa) phase (Figure 5) is composed of a
random lateral layered mesogen distribution exhibiting focal and
fan conic textures.
Figure 5
Focal Conic and Fan Texture^.
Smectic C (Sc), the tilted species of Sa, displays a broken focal
conic (Figure 6).
Figure 6
Broken Focal Conic Texture^.
The highly ordered Smectic B (Sb) (Figure 7) and E (Se) possess
three dimensional ordering and reveal mosaic textures. Tilted
variants of Sb and Se include Smectic H (Sh) and G (Sg) that form
discotic columnar mesophases. Smectic F (Sf), I (S|), J (Sj), and
K (Sk) exhibit intermediate ordering.
Figure 7
Mosaic Texture^ 1<
Fluidity and birefringence associated with smectic liquid
crystals is the result of inter and intramolecular forces that
allow axial and rotational conformational movement and
reorientation.
1 . 3 STRUCTURE PROPERTY RELATIONSHIPS OF
LIQUID CRYSTALS
Property characteristics of polymeric liquid crystals focus
on modification and control of the glass (Tg) and melt (Tm)
transition temperatures, the elastic modulus (E1), and the degree
of crystallinity (c). The Tg and Tm for main chain polymers
consisting of a rigid rod backbone moiety is directly dependent on
chain flexibility. The flexibility of a polymer is related to the
chains ability to rotate and change conformations. Chain
flexibility may be increased by:
1) Substituting different functional groups in the main chain.
Typical examples include (-0-), (-C00-), (-0C00-), (-CH2-).
2) Increasing the linear length of the polymer chain.
3) Reducing intermolecular bonding.
A reduction in chain flexibility is typically accomplished by:
1) Implementing aromatic segments in the main chain.
2) Increasing the number of intermolecular forces
3) Attaching large pendant groups to the main chain
Conformational alterations may disrupt the polymer's ability to
form an ordered crystalline structure. Crystalline reduction
techniques include:
1) Increasing steric hindrance of the polymer chain by
incorporating bulky pendant substituents on the main chain.
2) Decreasing polymer chain rigidity by adding flexible
spacers to the main chain.
3) Destablizing the lattice energy of extended crystallites by
reducing intermolecular bonding.
4) Synthesizing random copolymers by copolymerizing
nonmesogenic monomers with mesogenic species.
5) Interrupting crystalline order by employing stereo irregular
or bent comonomers.
Variances in the crystalline nature of the mesophase
effects physical, mechanical, and chemical properties including
melting point, solubility, elasticity, melt processability, tensile
strength, flexural strength, flexural modulus, melt viscosity,
moisture absorption, and dyeability.
The melting point of a liquid crystalline polymer (LCP) may
be depressed by adding flexible aliphatic units to the main
polymer chain. A study conducted by H. R. Kricheldorf and R.
Pakull revealed that substitution of a "bent", 1,3 disubstituted
phenylene linkage in the backbone of a poly(ester-imide) reduced
the melting point^. Melting point depression may be
thermodynamically influenced by copolymer composition
(Equation 1 ).
Equation 1
Determination ofMelting Point Depression for
Copolymer Composition! 3.
(1/TmAB) - (1/TmA) = - (RMHU) In xA
TmAB = Melting Temperature of Copolymer AB
TmA = Melting Temperature of Polymer A
AHu = Enthalpy of Fusion Polymer A
xa
= Mole Fraction of A in Copolymer
The solubility of LCPs warrants consideration when
preparing high molecular weight materials. Solubility decreases
with increased intermolecular bonding (Covalent, hydrogen
bonding, dipole-dipole, van der Waals dispersion forces), the
presence of rigid aromatic units in the main chain, and a
reduction in the main chain spacer length.
Elastic control of a thermotropic LCP may be exercised by
incorporating aliphatic spacer units (i.e.: (-CH2-), (CH2CH2-O-))
in the main chain. As the number of aliphatic spacers increases,
short range elasticity increases, whereas long range elasticity
decreases. Additionally, varying the number of spacers
profoundly effects melt processability, tensile strength, flexural
strength, and melt viscosity.
1 . 4 CHARACTERIZATION OF POLYMER LIQUID
CRYSTALS
Characterization of mesophase behavior in enantiotropic
and monotropic liquid crystalline systems is accomplished by
differential scanning calorimetry (DSC), differential thermal
analysis (DTA), induced molecular orientation, miscibility
analysis (MA), polarized light microscopy (PLM),
thermogravimetric analysis (TGA), and x-ray diffraction
spectroscopy (XRDS). Correlation between these methods is
necessary to insure correct identification of the liquid
crystalline transition(s).
Differential scanning calorimetry is a fundamental tool for
identifying thermal transitions in linear macromolecules.
Calorimetric phase diagrams from DSC analyses reveal transition
temperatures correlating to the crystallinity of the sample.
Generally, thermotropic main chain systems exhibit a first-order
cold crystallization exotherm and melting transition endotherm.
Thermotropic mesophase activity commonly occurs as a first
order endothermic transition.
Differential thermal analysis couples the ease of
measurement of heating and cooling curves with the quantitative
heat measurements of calorimetry. The principle of DTA involves
the continual measurement of temperature between a reference
and sample, over a specified temperature range. Time dependent
DTA permits the measurement of liquid crystalline transition
enthalpic alterations. Typically, DTA is used with DSC as a
means of identifying mesophase-mesophase and
mesophase-
isotropic liquid transitions, in addition to quantitative
measurements of heat capacity, enthalpy, and heats of transition.
The technique of induced molecular orientation requires
subjecting the material to an electric and/or magnetic field. A
prerequisite for this method requires the sample to exhibit a
transient electric dipole moment that results in dielectric
anisotropy. Application of a magnetic field requires the sample
to exhibit diamagnetic or paramagnetic properties. Analysis of
mesophase activity is accomplished by applying a field to the
material during heating and cooling cycles. Less energy is
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required to reorient a liquid crystalline material than an
isotropic liquid. Liquid crystalline behavior is signified by a
reduction in field magnitude while in the melt.
Miscibility studies include the technique of mixing the
unknown material with a reference polymer that exhibits a known
mesophase. Analysis and mesophase conformation is conducted
by polarized optical microscopy. Variances in the predetermined
mesophase indicates nonisomorphic behavior.
Mesophase texture identification of thermotropic polymers
may be performed by polarized optical microscopy. Visual
analysis is conducted by subjecting the polymers to heating and
cooling cycles while viewing the sample under crossed
polarizers. Initial preparation requires homogeneous alignment
(n II ) of mesogens in the sample, insuring uniform birefringence.
Alternatively, homoeotropic alignment (n _ ) occurs when the
long axes of the mesogens are oriented at right angles to the
direction of polarized light. The result is a uniformly dark field.
Birefringence is defined as the difference between n II and n
_L ,
and is related to the order parameter (Equation 2).
Equation 2
Determination of Birefringence^ 4.
An = AnS
A.no = Limiting Birefringence
S = Order Parameter
11
X-ray diffraction spectroscopy (XRDS) is an invaluable tool
for calculating the lattice spacings of individual mesogenic
atoms. XRDS is commonly employed in determining interplanar
distance, order, mode of packing, and arrangement of liquid
crystalline phase(s).
1.5 POLY(ESTER-IMIDE-ETHER)S
Poly(ester-imide-ether)s are a specialty class of plastics
containing ester segments, elastic ether linkages, and rigid imide
mesogens. Aromatic and linear polyesters are commercially
available as fibers, plastics, and coatings. Common methods of
synthesizing polyesters include acidolysis, reactions of
carboxylic acids with epoxides, nucleophilic displacement, ring-
opening reactions of cyclic esters, transesterification, and
reactions of alcohols with anhydrides or acyl chlorides.
Polyester applications include fabrics, tire-cord yarns, and yacht
sails.
Polyethers have gained commercial importance for their
engineering applications. Polyethers are generally synthesized by
ring opening and step-reaction polymerizations. Polyethers
exhibit good physical and mechanical properties. Typical uses
include surfactants, hydraulic fluids, lubricants, water-soluble
packaging film, and textiles.
Aromatic polyimides comprise a group of thermally stable
polymers that exhibit an excellent combination of mechanical,
physical, and thermal properties. Properties include low friction,
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good strength, toughness, high dielectric strength, radiation
resistance, low permeability, and wear resistance. Polyimides
have been applied in the aerospace, automotive, electronic, and
electric industries^. Typical applications of polyimide resins
include radomes, printed circuit boards, and turbine blades.
The general synthesis route of polyimides includes a two-step
reaction between a tricarboxylic acid anhydride or
tetracarboxylic acid dianhydride and a diamine. The reaction
sequence involves the initial creation of a soluble polyamic acid,
followed by the formation of a polyimide by thermal or chemical
dehydrated ring closure.
Polyimide processing and fabrication focuses on imparting
specific properties to the final product. Fabricated polyimides
are available as adhesives, enamels, fibers, films, and resins. A
superior approach in novel polymer synthesis is to copolymerize
the polyimide unit with specific functional groups.
Copolymerization imparts unique chemical, physical, and
mechanical properties to the polyblend. Melt processability of
polyimides is of vital importance. Design and synthesis of new
materials is circumvented by producing copolyimides with a low
melt transition temperature and high mechanical integrity.
Poly(ester-imide-ether)s are a unique class of copolyimides
designed to exhibit these properties. The imide mesogen imparts
rigidity required for mechanical strength, and the combination of
ester and ether linkages provide for chain flexibility and
elasticity. Additionally, it is conceivable that poly(ester-imide-
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ether)s will exhibit thermotropic mesophase behavior, enhancing
physical, mechanical, and optical properties.
In 1976, Kawahara and Noda synthesized heat resistant
4-chlorocarbonyl-N-(4'-chlorosulfophenyl)phthalimide-m-
diaminobenzene copolymer and 4-chlorocarbonyl-N-(4'-
chlorosulfophenyl) phthalimide-4,4'-diaminophenyl ether
copolymer^ 6. An additional study conducted in 1977 resulted in
the copolymerization of a series of polyester-polyimides derived
from bisphenols, and mixtures of N-[chlorocarbonyl)aryl]-4-
(chlorocarbonyl)phthalimides and bis(chlorocarbonyl) benzenes! 7.
Synthesis of poly(ester-imide)s based on
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide was
performed by Kricheldorf in 1985! 8.
In 1989, Adduci and Facinelli synthesized monotropic
poly(ester imide)s from N-[(chlorocarbonyl) phenyl]-4-
(chlorocarbonyl) phthalimide and nine diols with 4-12 methylene
units (Figure 8). Cooling from an isotropic melt resulted in the











n = 4 12
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In 1993, Kishanprasad and Gedam polymerized poly(ester-
imide)s (Figure 9) from N-[(carboxy) phenyl]-4-(carboxy)
phthalimide (Figure 10) derived from the reaction of











In 1 995, Kricheldorf and Probst prepared a series of chiral
thermotropic copoly(ester-imide)s (Figure 1 1 ) by polycondensing
15










e : x/z= 20/80
f : x/z = 10/90
g: x/z=9/95
h: x/z= 0/100
In 1995, Adduci proposed the copolymerization of
poly(ester-imide-ether)s from N-[(carbomethoxy)
phenyl]-4-
(carbomethoxy) phthalimide (Figure 1 2), poly(tetramethylene





The objective of this project was to synthesize and
characterize a series of novel poly(ester-imide-ether)s
(Figure 13) that display thermotropic mesophase behavior.
Figure 13













The copolymers were prepared from N-[(carbomethoxy) phenyl]
4-(carbomethoxy) phthalimide, and varying ratios of
poly(tetramethylene ether) glycol and 1,6 hexane diol.
The initial phase of this study was to synthesize, purify,
and characterize an imide dimethyl ester monomer. The monomer
was characterized by elemental analysis, infrared spectroscopy,
melting point determination, !3carbon and proton nuclear
magnetic resonance spectroscopy.
The second phase involved the preparation of a series of
poly(ester-imide-ether)s by melt polymerization. The
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copolymers would be characterized by differential scanning
calorimetry, dilute solution viscosity, gel permeation
chromatography, infrared spectroscopy, thermogravimetric
analysis, and polarized light microscopy.
We anticipate that incorporation of low molecular weight
oligomers into the main chain will result in the formation of
flexible copolymers with elastic properties. We speculate that
the thermal processing characteristics will be enhanced by
increasing the main chain spacer length, resulting in lower glass
and melt transition temperatures than poly(ester-imide)s
synthesized by Adduci and Facinelli.
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3.0 EXPERIMENTAL
3 . 1 GENERAL INFORMATION
Reagents and solvents were used as purchased from Aldrich
Chemical Company, Baker Chemical Company, and Scientific
Polymer Products. The poly(tetramethylene ether) glycol
oligomers (Scientific Polymer Products) used had an average
molecular weight of 650 g/mol, 2000 g/mol, and 2900 g/mol
respectively.
Melting points of N-f(carboxy) phenyl]-4-(carboxy)
phthalimide, N-[(chlorocarbonyl) phenyl]-4-(chlorocarbonyl)
phthalimide, and N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide monomer were measured using a Mel-Temp capillary
melting point apparatus and are reported corrected. Calibration
standard was 1 1 -undecanoic acid (Aldrich).
Purified N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide was dried in a drying piston under toluene reflux for
48 hours and characterized by elemental analysis, infrared
spectroscopy,
! ^Carbon and proton nuclear magnetic resonance
spectroscopy. Elemental Analysis were performed by Baron
Consulting Co., Orange, CT. Proton and
! 3Carbon nuclear magnetic
resonance spectroscopy were analyzed in deuterated chloroform
using a 300 MHz Bruker spectrometer. Infrared spectra were
obtained from potassium bromide pellets on a Perkin-Elmer
1 760X FT-IR spectrometer.
19
Molecular weights of the poly(ester-imide-ether)s were
characterized by the Xerox Corporation, Webster, NY using a gel
permeation chromatography apparatus with a triple detector
system. Analysis conditions and instrumentation included
chloroform with a toluene flow marker, six Waters single pore
columns (Styragel HR 1
,
HR 2, HR 3, HR 4, and Ultrastyragel 105
and 10^ angstroms), 1 mL/min, 200uL injection, 35 C, Wyatt
DAWN-F light scattering detector
(90 Angle), Viscotek H502B
viscometer, and a Waters 410 differential refractive index (DRI)
detector.
Inherent viscosity values of the polymers were obtained
from a m-cresol (Baker Chemical Co.) solution of concentration
0.5 g/dL using an Ubbelohde viscometer at 25 C. Infrared
spectra of the polymers were obtained from potassium bromide
pellets. Glass, crystalline, and melt transitions were measured
using a Seiko DSC 220 Differential Scanning Calorimeter. DSC
analyses were run in nitrogen under a six step annealing cycle.
Transition results were recorded from the second heating and
cooling cycles respectively. Glass transition temperatures were
recorded as the midpoint of the shift in the baseline with a
+ 10 C deviation. Thermal decomposition temperatures were
determined from a Seiko TG/DTA 220 Thermogravimetric
Analyzer and obtained from the midpoint of the decomposition
curve. TGA analyses were conducted in a nitrogen atmosphere at
a heating rate of 5 C/min. Microscopy studies were performed
using a Reichert
Microstar
polarizing light microscope equipped
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with a Mettler FP52 Hotstage, JVC TM-9060 System Monitor, and
a Magnovox 0S0 analog video recorder. Heating and cooling rates
were maintained at 1 0C/min.
3 . 2 MONOMER SYNTHESIS
Preparation of N-[(carboxy)phenyll-4-(carboxy) phthalimide (MIDA-2):
In a 2 L three-neck round bottom flask fitted with a
Servodyne
Mixer, Friedrich condenser, nitrogen inlet tube, and
thermometer, was placed 96.1 g (0.5 mole) of trimellitic
anhydride (TMA) and 68.6g (0.5 mole) of 4-aminobenzoic acid. To
this mixture was added 350 mL of N,N-dimethylacetamide (DMAc).
After refluxing for two hours, 1 89.0 mL (2.0 mole) of acetic
anhydride, and 37.8 mL (0.5 mole) of pyridine was added and
reflux was continued for an additional 2.1 5 hours. The mixture
was cooled to room temperature and precipitated by pouring into
ice water. Product was collected by vacuum filtration using a
10-15 M sintered glass funnel, washed with a copious amount of
deionized water, and dried in the vacuum oven at 90-1 00 C
overnight, followed by 48 hours at 70-80 C respectively. Yield:
76%. This material was used without further purification for the
formation of N-[(chlorocarbonyl) phenyl]-4-(chlorocarbonyl)
phthalimide.
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Preparation of N-f(chlorocarbonyl) phenyll-4-(chlorocarbonyl)
phthalimide:
In a 2 L three-neck round bottom flask fitted with a
Servodyne
Mixer, Friedrich condenser, nitrogen inlet tube, and
thermometer, 1 1 6.8g (0.4 mole) of
N-[(carboxy)phenyl]-4-(carboxy) phthalimide (MIDA-2) was
dissolved in 500 mL of toluene. To this solution was added 56 mL
(0.8 mole) of thionyl chloride. The reaction mixture was refluxed
for 4.5 hours with the addition of two 300 mL toluene additions
because of a leak in the system. The product was cooled to room
temperature, collected under vacuum filtration using a 10-15 M
sintered glass funnel, washed with 600 mL of toluene, and dried
in the vacuum oven at 75 C for 2.5 days. Yield: 71%. This
material was used without further purification for the formation
of N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide
monomer.
Preparation of N-f(carbomethoxy) phenyll-4-fcarbomethoxy)
phthalimide monomer:
In a 2 L three-neck round bottom flask fitted with a
Servodyne
Mixer, Friedrich condenser, nitrogen inlet tube, and
thermometer, was placed 90.7g (0.3 mole) of
N-[(chlorocarbonyl) phenyl]-4-(chlorocarbonyl) phthalimide, 1000
mL of methanol, and 1 mL of concentrated sulfuric acid. The
reaction mixture was refluxed for 4 hours. The product was
cooled to room temperature, collected under vacuum filtration
using a 1 0-1 5 M sintered glass funnel, washed with 500 mL of
methanol, and dried in the vacuum oven at 70 C for 1 2 hours.
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Yield: 85%. This material was purified by liquid/liquid
extraction.
Phase 1. Purification of Impure N-[(carbomethoxy) phenyll-4-
(carbomethoxy) phthalimide monomer (Liquid/Liquid Extraction):
In a 2000 mL separatory funnel was placed 75.9 (0.2 mole) >
of impure imide dimethylester monomer dissolved in 500 mL of
methylene chloride. To this was added 1 000 mL of deionized
water, and the solution was agitated. The methylene chloride
layer was successfully washed with three 500 mL portions of
methylene chloride and deionized water. The methylene chloride
was evaporated using a rotary evaporator. The product was dried
overnight in the vacuum oven at 50-70 C. M.P. 1 90-1 94 C. Yield:
88%. Thin layer chromatography (Stationary phase: Baker Silica
Gel, Solvent: Methylene Chloride) revealed the strong presence of
imide dicarboxylic acid impurity at Rf = 0. The product was
further purified by flash chromatography.
Phase 1 (Alternate Procedure). Purification of Impure N-
[(carbomethoxy) phenyll-4-(carbomethoxy) phthalimide monomer
(Soxhlet Extraction):
In a Soxhlet Extractor was placed 40.Og (0.1 mole) of solid
impure imide dimethylester monomer. Solvent used was
deionized water. Extraction proceeded for 72 hours. Product was
placed in a vacuum oven at 70 C over-night. M.P. 1 86-1 92 C.
Yield 90%. Thin layer chromatography (Stationary phase: Baker
Silica Gel, Solvent: Methylene Chloride) revealed the strong
presence of imide dicarboxylic acid impurity at Rf = 0. The
product was further purified by flash chromatography.
23
Phase 2. Purification of Impure N-I(carbomethoxy) phenyll-4-
(carbomethoxy) phthalimide monomer (Flash Chromatography):
In a 1 000 mL beaker was dissolved 30.0g (0.1 mole) of
impure imide dimethyl ester, obtained from liquid/liquid
extraction, in 500 mL of methylene chloride. 100 mL aliquots of
the solution were purified by flash chromatography. Column: Ace
Glass. Detector: Instrumentation Specialties Corporation Model
UA-5 and Type 6 U.V. Optical Unit. Mobile phase: methylene
chloride. Stationary phase: Silica Gel (J.T. Baker, 60-200 Mesh).
Gas: Nitrogen. Clearing Time: 45
- 60 minutes. The methylene
chloride was evaporated using a rotary evaporator, and the
product was placed in a vacuum oven at 70 C over-night. M.P.
1 94-1 97 C. Yield 91 %. Thin layer chromatography (Stationary
phase: Baker Silica Gel, Solvent: Methylene Chloride) revealed
the faint presence of imide dicarboxylic acid impurity at Rf = 0.
The product was further purified by mixed solvent
recrystallization.
Phase 3. Purification of Impure N-I(carbomethoxy) phenyll-4-
(carbomethoxy) phthalimide monomer (Mixed Solvent
Recrystallization) :
In a 1 25 mL Erlenmeyer flask was placed 0.4g (1 .29 mmole)
of impure N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide monomer, obtained from flash chromatography. To
this was added 5 mL of ethyl acetate. The solution was heated to
82 C, 1 5 mL of cyclohexane was added, and the solution was hot
filtered through a #40 Whatman filter paper. The collected
product was washed with 1 0 mL of methanol and placed in the
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vacuum oven at 75 C for 2 hours. M.P. 201 - 203 C. Yield 80%.
Thin layer chromatography (Stationary phase: Baker Silica Gel,
Solvent: Methylene Chloride) revealed the absence of imide
dicarboxylic acid impurity at Rf = 0.
Infrared spectrum:
Peaks were observed at 3090
cm"! (Aromatic C-H Stretch),
1 780 and 1 71 5
cm" ! (Imide Carbonyl Symmetric and Assymetric
Stretch), 1 746 cm"1 (Ester Carbonyl Stretch), 1 600 and 1 580
cm"! (Aromatic Ring), 1 390
- 1 365
cm"! (Imide Ring Vibration,
Axial), 1 1 1 5
- 1110
cm" ! (Imide Ring Vibration, Transverse), and
720 - 71 5
cm"1 (Imide Ring Vibration, Out of Plane). The




Calculated: %C, 63.7 %H, 3.9 %N, 4.1
Found: %C, 63.7 %H, 3.8 %N, 4.1
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Proton # S (ppm) Carbon # 8 (ppm)
HA 8.50-8.55 Cl 134.826 ClO 51.201
hb 8.20-8.25 C2 133.619 cn 135.042
HC 8.05-8.10 C3 164.697 C12 1 24.709
HD 4.05 C4 165.065 Cl3 129.312
HE 3.95 C5 130.596 C14 128.375
HF 7.57 C6 134.337 C15 129.312
HG 7.63 C7 123.853 C16 1 24.709
C8 122.862 C17 164.721
C9 163.853 Cl8 51.842
Proton # Integral




3 . 3 POLYMERIZATION
General melt polymerization procedure for poly(ester-imide-ether)s:
The poly(ester-imide-ether) series was prepared by
reacting a constant molar amount of N-[(carbomethoxy) phenyl]-
4-(carbomethoxy) phthalimide monomer with varying molar




Melt polymerization consisted of three sequential stages.
Stage 1 commenced by placing the respective amounts of
reactants and titanium (IV) isopropoxide catalyst in a melt
polymerization vessel fitted with a Dean Stark distillation head
and nitrogen inlet. The reaction vessel was placed in a salt bath
for one hour, and the temperature raised from 1 60 C - 1 80 C at
a rate of 20 C/hr. The mixture melted at approximately 1 80 C.
Stage 2 was initiated by fitting the reaction vessel with a
Servodyne
mixer and increasing the temperature to 200 C at a
rate of 1 0 C/hr for two hours under water aspirator vacuum
with stirring. The stirrer speed was set at 200 rpm, and the
torque of the melt was approximately 35 mV. Methanol vapor was
collected in cold traps.
At Stage 3, the temperature was slowly raised from 200 C
to 225 C over a period of three hours under high vacuum
(0.05 Torr) generated by a vacuum pump. This step allows for the
distillation of the excess 1 ,6 hexane diol. The torque of the melt
increased to approximately 130 mV at which time the stirrer
speed was reduced to 50 rpm. When the torque exceeded 1 80 mV,
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the reaction was stopped, the reactor flask was cooled to room
temperature, and the product was dissolved in methylene
chloride. Average total reaction time was six hours.
The polymers were reprecipitated from methylene chloride
by adding methanol, filtered, dried at room temperature, and
characterized by infrared spectroscopy, differential scanning
calorimetry, thermogravimetric analysis, gel permeation
chromatography, and dilute solution viscometry.
Copolymers PEI-1 -ET-9(650), PEI-3-ET-7(650), PEI-5-ET-
5(650), PEI-7-ET-3(650), PEI-9-ET-1 (650) were synthesized
using the general polymerization technique described previously.




, 6 hexane diol ratio, ET denotes the poly(tetramethylene ether)
glycol segment, -9 refers to the oligomer ratio, and (650) is the
average molecular weight of oligomer. The polymerization
technique for copolymers PEI-7-ET-3(2000), PEI-9-ET-1 (2000),
PEI-7-ET-3(2900), PEI-9-ET-1 (2900) included substitution of a
toluene reflux for stage 1 . Monomer reactants, 50 ml of toluene
previously dried over molecular seives, and a magnetic stirring
bar were placed in a 1 00 ml glass sidearm polymerization vessel.
The polymerization vessel was fitted with a condenser and Dean
Stark distillation head. The reaction mixture was refluxed with
stirring for 1 .5 hours. Periodic removal of a toluene/methanol
azeotrope was followed by three 25 ml aliquot additions of dry
toluene. Upon completion of stage I, the stirring bar was
removed, and stage 2 began.
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Polymerization of PEI-l-ET-9(650):
In the reactor were placed 1 9.1 54g (.057 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide,
33.022g (.051 mole) of poly(tetramethylene ether) glycol, 2.028g
(.017 mole) of excess 1, 6 hexane diol, and .1 1 1g (.391 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 86%, 'nmri = .41 g/dL,
Td = 390 c.
Polymerization of PEI-3-ET-7(650):
In the reactor were placed 2.277g (.007 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 3.054g
(.005 mole) of poly(tetramethylene ether) glycol, 1.277g (.01 1
mole) of excess 1 , 6 hexane diol, and .1 1 1 g (.391 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 75%, -nmri = .43 g/dL,
Td = 380 C.
Polymerization of PEI-5-ET-5(650):
In the reactor were placed 2.200g (.007 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 2.1 07g
(.003 mole) of poly(tetramethylene ether) glycol, 1.394g (.012
mole) of excess 1 , 6 hexane diol, and .1 1 5g (.405 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 87%, -ninh
-
.45 g/dL,
Td = 375 C.
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Polymerization of PEI-7-ET-3(650):
In the reactor were placed 8.389g (.025 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 4.889g
(.008 mole) of poly(tetramethylene ether) glycol, 2.442g (.021
mole) of excess 1 , 6 hexane diol, and .096g (.338 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 86%, -o'nri = .66 g/dL,
Td = 369 oc.
Polymerization of PEI-9-ET-K650):
In the reactor were placed 2.036g (.006 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 0.390g
(.001 mole) of poly(tetramethylene ether) glycol, 1.675g (.014
mole) of excess 1 , 6 hexane diol, and .1 1 8g (.41 5 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 84%, *imri = .40 g/dL,
Td = 376 OC.
Polymerization of PEI-7-ET-3(2000):
In the reactor were placed 1 .933g (.006 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 3.41 8g
(.002 mole) of poly(tetramethylene ether) glycol, 1 .706g (.014
mole) of excess 1 , 6 hexane diol, and .096g (.338 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 96%, -ninri = 1.14
g/dL, Td = 394 oc.
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Polymerization of PEI-9-ET-K2000):
In the reactor were placed 1
.924g
(.006 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 1.1 34g
(.001 mole) of poly(tetramethylene ether) glycol, 1 .681 g (.014
mole) of excess 1 , 6 hexane diol, and .1 1 9g (.41 9 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 56%, -nmri = .55 g/dL,
Td = 373 oc.
Polymerization of PEI-7-ET-3(2900):
In the reactor were placed 3.008g (.009 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 7.71 3g
(.003 mole) of poly(tetramethylene ether) glycol, 1.738g (.015
mole) of excess 1 , 6 hexane diol, and .1 05g (.369 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 85%, ^imn = 0.40
g/dL, Td = 390 C.
Polymerization of PEI-9-ET-K2900):
In the reactor were placed 6.029g (.01 8 mole) of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide, 5.1 53g
(.002 mole) of poly(tetramethylene ether) glycol, 1 .967g (.01 7
mole) of excess 1 , 6 hexane diol, and . 1 01 g (.355 mmole) of
titanium (IV) isopropoxide. The reactants were polymerized by
the procedure outlined above. The yield was 74%, *imh = .40 g/dL,
Td = 383 oc.
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4 . 0 RESULTS & DISCUSSIONS
4.1 N-[(CARBOMETHOXY) PHENYL1-4-
(CARBOMETHOXY) PHTHALIMIDE RESULTS
Synthesis of imide dimethylester monomer was prepared by
initially reacting commercially available trimellitic anhydride
with 4-aminobenzoic acid (Scheme 1).
Scheme 1

























The imide dicarboxcyclic acid (MIDA-2) product was then reacted


















The imide diacid chloride was refluxed with methanol producing
imide dimethyl ester (N-[(carbomethoxy) phenyl]-4-
(carbomethoxy) phthalimide). Each technique was successful
with yields in excess of 70% (Table I).
Table I
Synthetic Yields of Precursors and Monomer
Description % Yield
N-[(carboxy) phenyl]-4-(carboxy) phthalimide (MIDA-2) 76%
N-[(chlorocarbonyl) phenyl]-4-(chlorocarbonyl) phthalimide 71%
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide 85%
Purification (Table II) required the initial application of
liquid/liquid extraction to remove a large % of imide dicarboxylic
acid. This was followed by flash chromatography to remove
additional impurities. Pure product was successfully obtained
after recrystallizing from ethyl acetate/cyclohexane and rinsing
with methanol to give a sharp melting point of 201 C
- 203 C in
80% yield.
Table II
Melting Point Analysis and Recovery for Purification of
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide Monomer
Purification Technique % Recovery Melting Point (C)
Liquid/Liquid Extraction 88% 190-194
Flash Chromatography 91% 194-197
Mixed Solvent Recrystallization 80% 201 - 203
N-[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide
was soluble with heating in solvents like benzene, chloroform,
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ethyl acetate, methanol, methylene chloride, and slightly soluble
in cyclohexane, ethanol, and ether.
The presence of symmetric carbonyl bands as determined by
infrared spectroscopy (Table III) indicated ring closure
(imidization) characteristic of cyclic imides (Figure 14). Ester
formation was confirmed by the appearance of ester carbonyl









Aromatic C-H Stretch 3090
Imide Carbonyl Symmetric Stretch 1780
Ester Carbonyl Stretch 1 746
Imide Carbonyl Assymetric Stretch 1715
Aromatic Ring 1600,1580
Imide Ring Vibration, Axial 1390
- 1365
Carboxyl C-0 1225
Imide Ring Vibration, Transverse 1 1 1 5
- 1110
Imide Ring Vibration, Out of Plane 720
- 71 5
Imide dimethyl ester identity was further confirmed by
elemental analysis and nuclear magnetic resonance spectroscopy.
Results of elemental analysis were in agreement (Deviation
0.21%) with calculated theoretical values.
!h and ! 3c nuclear magnetic resonance assignments were
confirmed by correlation with spectral matching software
(Figures 15-16). Additional conformation of the N-
[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide monomer
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The polymers synthesized in this study were prepared by
melt polymerization. Typically, melt or bulk polymerization
involving moderate exothermic reactions is the preferred method
for preparing step-growth (condensation) materials. The reaction
freely propagates when the viscosity of the medium is low. As
the viscosity of the medium increases, heat transfer becomes a
problem.
The predominate advantage of melt polymerization is
minimal contamination of product. Prerequisites for melt
polymerization include high purity monomers, an equivalence of
functional groups, means for removing by-products, and absence
of side reactions. The principle disadvantage is that the
polymers have a broad molecular weight distribution.
A 1 00% excess of 1 , 6 hexane diol was added in an attempt
to form high molecular weight products. The initial products
were low molecular weight species end-capped by hydroxyl
groups. As temperature and vacuum were increased, 1 , 6 hexane
diol was distilled off and transesterification occurred between
ester linkages and hydroxyl terminal groups, resulting in a
gradual increase in the degree of polymerization (Scheme 3).
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Scheme 3










































The polymers prepared in this study consisted of a constant
molar ratio of N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide monomer with varying molar ratios of 1 , 6 hexane
diol, and poly(tetramethylene ether) glycol (Table IV). The 1, 6
hexane diol ratio was in excess.
Table IV
Polymer Charge Compositions
D.M.E.b Diolc Oligomer0* Catvl.e
0.057 0.017 0.051 0.391 E"3
0.007 0.011 0.005 0.391 E"3
0.007 0.012 0.003 0.405
E" 3
0.025 0.021 0.008 0.338
E" 3
0.006 0.014 0.001 0.415
E" 3
0.006 0.014 0.002 0.338
E" 3
0.006 0.014 0.001 0.41 9
E" 3











PEI-9-ET-1(2900) 0.018 0.026 0.002 0.355
E" 3
a. Sample Description
PEI = Poly(ester-imide) Segment
- 1 - =1,6 Hexane Diol Ratio
ET = Poly(tetramethylene ether) glycol Segment
-9 = Oligomer Ratio
(650) = Average Molecular Weight of Oligomer
b. D.M.E. = N-[(carbomethoxy) phenyl]-4-(carbomethoxy)
phthalimide (Moles)
c. Diol = 1,6 Hexane Diol (Moles)
d. Oligomer = Poly(tetramethylene ether) glycol (Moles)
e. Catyl. = Titanium (IV) Isopropoxide Catalyst (Moles)
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Table V
Properties of the poly(ester-imide-ether)s
Polymer % Yield Y|i n ha Tgb Tc< Tm' Tr' Tm' Tr)a
PEI-1-ET-9(650) 86 .41 -47 58 61 390











PEI-7-ET-3(650) 86 .66 23 158 163 92,
105
107 369






























PEI-7-ET-3(2900) 85 .40 -46 21 27 -15 -12 390
















Description of Terms (Table V)
Inherent Viscosity (0.5 g/dL in m-cresol) from Dilute Solution
Viscometry.
Glass Transition (C).
Crystal Transition (C) (2nd Heating Cycle).
Melt Transition (C) (2nd Heating Cycle).
Crystal Transition (C) (2nd Cooling Cycle).
Melt Transition (C) (2nd Cooling Cycle).
Decomposition (under Nitrogen) (C).
h. Some weight loss at 1 1 0 C .
Thermogravimetric analysis results (Table V) indicate that
the poly(ester-imide-ether)s have moderate thermal stability.
Thermal decomposition occurred at temperatures above 360 C.
As the length of the methylene spacers for the 1 , 6 hexane diol
segment increases, the thermal decomposition temperature
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Figure 17. TGA Thermogram of PEI-l-ET-9 (650)
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The thermal decompostion temperature of 376 C for PEI-9-ET-
1 (650) does not fit the trend. A recent study by S. Lee revealed
that variances in thermal decomposition are the result of surface
phenomena. Discrepancies were linked to differences in sample
mass and composition^. The percentage of material remaining
after decomposition for each polymer exceeded 1 0%.
Analysis of DSC thermograms for all copolymers (2nd
heating cycle) do not reveal a distinct glass transition
temperature. The glass transition temperature for all
copolymers occur over an extended thermal region, and increase
as the ratio of poly(tetramethylene ether) glycol to 1 , 6 hexane
diol decreases. Copolymers PEI-1-ET-9(650) (Figure 18),
PEI-3-
ET-7(650) (Figure 19), PEI-5-ET-5(650), PEI-7-ET-3(650) reveal
glass transition temperatures of moderate magnitude. The
magnitude of the glass transition for PEI-9-ET-1 (650), PEI-7-
ET-3(2000), PEI-9-ET-1(2000), PEI-7-ET-3(2900),
PEI-9-ET-
1 (2900) are of small magnitude, and we speculate that these
copolymers have a higher degree of crystallinity than
PEI-1-ET-
9(650), PEI-3-ET-7(650), PEI-5-ET-5(650), and PEI-7-ET-3(650).
Analysis of DSC thermograms for the copolymers (2nd
heating and cooling cycles) reveal crystallization exotherms
directly followed by melting endotherms. Glass transition
temperatures correspond to the midpoint of the shift in the
baseline. Copolymers PEI-5-ET-5(650), PEI-9-ET-1 (650), PEI-7-
ET-3(2000), PEI-9-ET-1(2000), and PEI-9-ET-1 (2900) exhibit
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Figure 19. DSC Thermogram of PEI-3-ET-7 (650) (2nd Heating Cycle)
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both heating and cooling cycles. The presence of various
crystalline exotherm and melting endotherm combinations of low
enthalpic magnitude indicate reorientation of the copolymer. It
is conceivable that this behavior represents the formation of
multiple ordered structures. A recent study by Adduci and
Facinelli of liquid crystal transitions and crystallization kinetics
in poly(ester-imide)s revealed the formation of two different
ordered structures^. The rigid mesogen (Figure 20) used in this
former study is identical to that employed in this project.
Figure 20
Trimellitimide Mesogen
The two structures include a crystalline phase formed directly
from the isotropic melt and a highly ordered hexagonal mesophase
developed from the liquid crystalline state.
Evidence of mesophase formation was observable from both
DSC and optical investigation with the polarized light
microscope. Initially, DSC thermograms of PEI-5-ET-5(650),
PEI-7-ET-3(650), PEI-9-ET-1 (650), PEI-7-ET-3(2000),
PEI-9-
ET-1 (2000), PEI-7-ET-3(2900), and PEI-9-ET-1 (2900) display a
liquid crystalline phase during cooling from the isotropic melt,
indicating monotropic behavior. Secondly, the aspect ratio of the
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mesogen is suitable for mesogenicity. Polarizing light
microscopy studies confirm the presence of liquid crystallinity.
PLM analysis of PEI-5-ET-5(650), PEI-7-ET-3(650),
PEI-9-
ET-K650), PEI-7-ET-3(2000), PEI-9-ET-1 (2000),
PEI-7-ET-
3(2900), and PEI-9-ET-1 (2900) show that these copolymers are
birefringent. All copolymers exhibit a similar texture (Figure
21).
Figure 21
Polarized Optical Micrograph of PEI-5-ET-5 (650)
T = 100 C
Induced shear birefringence was performed on the isotropic
copolymer by moving the coverglass parallel to the slide. The
result was uniform birefringence. Crystallization of the
aforementioned copolymers occurred at a rapid rate. Specific
texture identification was difficult due to the poor resolution of
48
the polarizing light microscope. We speculate that these
textures appear to resemble a Smectic B (mosaic) mesophase
exhibiting extremely short range orientational order as compared
to a reference micrograph (Figure 22), but confirmation by XRDS
and transmission electron microscopy is necessary.
Figure 22
Reference Micrograph of Smectic B (Mosaic) Texture25.
When poured from methylene chloride into methanol,
PEI-1-
ET-9(650), PEI-3-ET-7(650), PEI-5-ET-5(650), PEI-7-ET-3(650),
PEI-7-ET-3(2000), PEI-7-ET-3(2900) appeared as an
elastomeric, viscous mass. PEI-7-ET-3(650) and PEI-7-ET-
3(2000) exhibited a high degree of entanglement. Copolymers
PEI-9-ET-1(650), PEI-9-ET-1(2000), and PEI-9-ET-1 (2900)
precipitated as a hard crystalline powder.
Analysis of inherent viscosities (Table VI) from dilute
solution viscometry (DSV) range from 0.40 to 1.14 corresponding
to a low to moderately high average molecular weight. Inherent
viscosity results for PEI-1-ET-9(650), PEI-3-ET-7(650), PEI-5-
ET-5(650), PEI-7-ET-3(650), and PEI-9-ET-1 (650) were
confirmed by correlation with gel permeation chromatography.
49
Discrepancies in viscosity values for the 650 g/mol oligomer
series are the result of insoluble material.
Table VI
Rheological Data for Copolymers
Polymer ^ti nha ^*i n hb M nc M W1
MWDe
PEI-1-ET-9C650-) 0.41 0.33 21.400 31,700 1.5
PEI-3-ET-7(650) 0.43 0.39 20,800 36,800 1.8
PEI-5-ET-5(650) 0.45 0.61 46.500 78,800 1.7
PEI-7-ET-3(650) 0.66 0.68 55,400 99,700 1.8








Description of Terms (Table VI)
Inherent Viscosity (0.5 g/dL in m-cresol) from DSV
Inherent Viscosity (0.5 g/dL in m-cresol) from GPC
Number Average Molecular Weight
Weight Average Molecular Weight
Molecular Weight Distribution
Infrared spectra (Table VII) revealed primary absorptions
as anticipated for aromatic C-H stretching at 3090 cm-1,
aliphatic C-H stretching in the range of 2950-2800 cm""1, imide
C=0 at 1 780
cm"1 and 1 71 5
cm"1
,








Imide Carbonyl Symmetric Stretch
Ester Carbonyl Stretch
Imide Carbonyl Assymetric Stretch
Aromatic Ring
Imide Ring Vibration, Axial
Carboxyl C-0
Imide Ring Vibration, Transverse
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Figure 23. Infrared Spectrum of PEI-5-ET-5 (650)
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Infrared spectra of all copolymers exhibit similar infrared
absorptions that correlate with the formation of a random
poly (ester-imide-ether) structure.
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5 . 0 CONCLUSIONS AND FUTURE WORK
The results of this thesis research show the successful
synthesis, purification, and characterization of
N-
[(carbomethoxy) phenyl]-4-(carbomethoxy) phthalimide.
Additionally, a total of nine novel poly(ester-imide-ether)s were
prepared by melt polymerization and characterized. Inherent
viscosities and gel permeation chromatography results indicate
that moderately high average molecular weights were obtained.
The poly(ester-imide-ether)s show moderate thermal stability
under inert conditions.
PEI-5-ET-5(650), PEI-7-ET-3(650), PEI-9-ET-1 (650), PEI-
7-ET-3(2000), PEI-9-ET-1(2000), PEI-7-ET-3(2900), and PEI-9-
ET-1(2900) exhibit evidence of mesomorphism, based on
differential scanning calorimetry and polarizing light
microscopy. It is conceivable that this order may be attributed
to the dimensions of the mesogenic molecule. It is apparent that
the order associated with this series results in crystallization.
Specifically, this order stems from homotacticity introduced by
homogeneity around the mesogens in the polymer backbone.
In the absence of X-ray diffraction spectroscopy results,
the specific molecular ordering of these polymers is not known.
The most definitive way of determining liquid crystalline
properties requires correlation between the previously noted
characterization techniques. Within the limitations of the
characterization methods employed, the following conclusions
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have been determined.
Future characterization requires determining the molecular
ordering and morphology of these poly(ester-imide-ether)s by
transmission electron microscopy and X-ray diffraction
spectroscopy.
Future synthetic work include the following proposals.
Adduci, Facinelli, et. al. have shown that
p-phenylenetrimellitimide is smectogenic26. An initial approach
may include substituting additional aliphatic diols for the 1 , 6
hexane diol. Aliphatic diols may include 1,7 heptane diol, 1,8
octane diol, 1,9 nonane diol, and 1,10 decane diol. It is
anticipated that as the number of methylene spacers in the diol
increases, glass transition temperatures will decrease,
crystallization and melt transition temperatures will increase,
and the mesogenicity will change.
An additional proposal includes melt polymerizing a series
of random terpolymers by adding an equimolar quantity of
aromatic diols (Figure 24) to 1 , 6 hexane diol,
poly(tetramethylene) ether glycol and N-[(carbomethoxy)
phenyl]-
4-(carbomethoxy) phthalimide. It is conceivable that
incorporation of aromatic segments into the polymer backbone
will increase the rigidity, resulting in an increase in the glass
transition and decomposition temperatures. Addition of aromatic
segments to the main chain may impart novel fluorescent
mesogenic properties to the material.
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Figure 24
Phenolic Diols Proposed for Melt Polymerization.
An additional area that needs to be explored in the future
encompasses mesogenic alterations that conceivably would be
accomplished by substituting optically active diols (Figure 25) in
place of the 1 , 6 hexane diol used in this study.
Figure 25















This modification would ideally serve to increase the aspect
ratio of the system, possibly create a chiral nematic mesophase,
and minimize the effect on mesophase stability.
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Figure 29. TGA Thermogram of PEI-7-ET-3 (650)
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Figure 44. DSC Thermogram of PEI-9-ET-1 (2000) (Cooling)
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Figure 49. Gel Permeation
Chromatograph of PEI-l-ET-9 (650),
PEI-3-ET-7 (650), PEI-5-ET-5 (650),
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Figure 50. Gel Permeation Chromatograph of PEI-l-ET-9 (650),
PEI-3-ET-7 (650), PEI-5-ET-5 (650),
PEI-7-ET-3 (650), PEI-9-ET-1 (650)
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Figure 51. Gel Permeation Chromatograph of PEI-l-ET-9 (650),
PEI-3-ET-7 (650), PEI-5-ET-5 (650),















Figure 52. Polarized Optical Micrograph of PEI-7-ET-3 (650)
T = 130 C
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Figure 53. Polarized Optical






























Figure 57. Infrared Spectrum of PEI-9-ET-1 (650)
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Figure 61. Infrared Spectrum of PEI-9-ET-1 (2900)
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